Abstract. Formaldehyde (HCHO), a key aerosol precursor, plays a significant role in atmospheric photo-oxidation pathways.
using lidar observation. Published studies focused mainly on the effects of commonly measured gas pollutants, PM, and aerosol, but not HCHO.
As an abundant product of the oxidation of many volatile organic compounds (VOCs), HCHO is known to harm human health, such as damage to oral epithelial cells (Nilsson et al., 1998; Pinardi et al., 2013) . A variety of other hydrocarbons generally determine the concentration of HCHO. Thus, HCHO is used as an indicator of VOCs (Fried et al., 2011) .
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Troposphere formaldehyde comes from two sources. The primary emissions from incomplete combustion, such as anthropogenic (e.g., industrial emissions) and pyrogenic (mainly biomass burning) sources. The secondary sources come from the photo-oxidation process of many VOCs. In addition, a small fraction of HCHO is from direct emissions of biogenic sources (e.g., vegetation). The variability of HCHO over continents is particularly dominated by distributions of local emissions of non-methane volatile organic compounds (NMVOCs) (Chance et al., 2000) . Although HCHO has a short 10 lifetime, long-living VOCs, such as methane (CH 4 ), contribute to the background levels of HCHO (Vrekoussis et al., 2010) .
The monitoring NMVOC emissions is essential not only for the hydroxyl radical OH, but also for the formation and transport of secondary organic aerosols (Palmer et al., 2006; Stavrakou et al., 2009; De Smedt et al., 2015) . HCHO is an important indicator of atmospheric photochemical reaction. As an active gas, HCHO can be photolyzed to generate HO 2 − free radicals. HO 2 rapidly and radically reacts with NO to generate OH−, which can influence the oxidation ability of the 15 atmosphere. Therefore, identifying the major sources of HCHO is essential for quantifying their contributions to aerosol formations and effectively controlling photochemical pollution. Implementing a series of temporary reduction measures for atmospheric pollutants emission in major international events in China is relatively rare. The APEC summits provide an opportunity for us to study the relationship between the environmental concentrations with pollutant emissions (Cheng et al., 2016) . Therefore, studying the influences of control measures on HCHO is crucial to improve the air.
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A kind of passive differential optical absorption spectroscopy system, called as MAX-DOAS, was used in the past decade to measure tropospheric trace gases (Nninger et al., 2004; Wagner et al., 2004; Sinreich et al., 2005; Wagner et al., 2007; Vigouroux wt al., 2009 ). The information obtained from MAX-DOAS measurements includes tropospheric column concentrations, surface concentrations, and vertical profiles. HCHO can be measured in the ultraviolet spectral range by a use of the MAX-DOAS technique (Vigouroux et al., 2009; Wagner et al., 2011; Pinardi et al., 2012 Pinardi et al., , 2013 Li et al., 2013;  25 Atmos. Chem. Phys. Discuss., https://doi.org /10.5194/acp-2018-440 Manuscript under review for journal Atmos. Chem. Phys. 
AMF is often used to describe the absorption path of a gas in the atmosphere. Brinksma et al., (2008) proposed the geometric Atmos. Chem. Phys. Discuss., https://doi.org /10.5194/acp-2018-440 Manuscript under review for journal Atmos. Chem. Phys. 
Numerous studies compared the error between geometrical VCD and VCD from profile inversion (Brinksma et al., 2008; Nninger wt al., 2004; Hendrick et al., 2014; Hönninger et al., 2004; Wang et al., 2017b) . Wang et al., (2017b) showed that the geometric approximation are usually underestimate 10% than profile inversion for HCHO VCDs at 20° elevation, but the 5 error is larger for lager elevation angles and larger relative azimuth angle (RAA). This study uses the geometric approximation method to determine HCHO VCDs at an elevation angle of 15° to avoid surface obstacles on light paths along the line of sight. Meanwhile, it has lower systematic errors because of the geometrical approximation. Besides the geometric approximation method is more stable and less influenced by the clouds than the profile inversion. (Hönninger et al., 2004; Clé mer et al., 2010; Wagner et al., 2009; Wagner et al., 2011; Erle et al., 2013 ).
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Monitoring locations
To evaluate the emission control measures, a supersite was established in the Yanqi Lake campus of the University of Chinese Academy of Sciences (UCAS) in Huairou District, northeast suburban area of Beijing, and the APEC conference also held in the Yanqi Lake near the campus of UCAS (Fig.1) . The field campaign was performed for nearly four months Fig. 2 shows the structural representation of the MAX-DOAS system. This system comprises a telescope, stepping motor, spectrometer, and computer. Sunlight is focused by the telescope, which is installed outdoor and reaches the spectrometer through an optical fiber. The spectrometer is placed in a temperature-controlled box at 20°C . The spectrometer covers the range of 290 nm to 420 nm, and its instrumental function is approximated as a Gaussian function with a full width at half maximum (FWHM) of 0.5 nm.
MAX-DOAS instrument and measurement
The MAX-DOAS instrument was deployed on the balcony (without a roof) of a classroom on the 4th floor in the laboratory 5 building in the campus of UCAS (116.67°E, 40.4°N) in the northeast suburban of Beijing. MAX-DOAS was routinely operated for 24 hours. Due to intensity of sunlight, only the daytime measurements are used for analysis. The night time measurements could be used to correct the dark current and offset. The azimuth angle view of the telescope is fixed at 0°
(North) during the whole observation period. A full MAX-DOAS scan comprises six elevation angles (EA) (3, 5, 10, 15, 30, and 90°) and lasts for approximately 10 min (see Fig. 3 ). Each measurement has an average of 100 scanning times, and 10 integration time is adjusted automatically based on light intensity. Table 1 lists the detailed setup of MAX-DOAS instrument.
DOAS analysis
The spectra obtained from MAX-DOAS are analyzed using WINDOAS software . The fitting range is 15 from 335 nm to 360 nm. The gas cross-sections of HCHO, BrO, NO 2 , O 3 , and O 4 are included in the fit. A spectrum at the 90° EA recorded at 12:09 local time (LT) on November 6, 2014 is used as the Fraunhofer reference spectrum (FRS) for all the retrievals. The ring structure (Fish and Jones, 2013) , which is used to account for rotational Raman scattering effects, is calculated using Doasis software (Kraus, 2006) based on the FRS and included in the fit. We use the CAMS model data with grid resolutions of 0.125°× 0.125°, 0.25°× 0.25°, and 0. 5°× 0. 5° at 8:00 LT (00:00 UTC) and 14:00 LT (06:00 UTC).
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Meteorology data
Meteorological parameters, wind speed (WS), wind direction (WD), temperature (T), and relative humidity (RH) were continuously measured at the UCAS superstation from October 28, 2014 to December 31, 2014 (Fig. 5a ). All measured meteorological parameters are averaged to 1 min time intervals. During the campaign, the temperature showed clearly 20 diurnal variation of maximum at noon and minimum at night. The temperature was within a range of -10.59 º C to 20.7 º C with a suddenly drop to below 0 º C on December 1, 2014. Wind rose indicates that the prevailing wind direction was from northwest (Fig. 5b) Fig. 6a and   6f ). Relative humidity, intensity of solar radiation, and ambient temperature are the important factors of photo-oxidation (Starn et al., 1998; Solberg et al., 2001; Zhang et al., 2009 ). The solar radiation and temperature were not significant changes at the two peaks process of November 4, 2014 and 7, 2014; thus, the enhanced HCHO values should not be caused by an increasing photo-oxidation rate. The increase of HCHO is probably related to a change of wind direction to south. And under the southerly wind, the HCHO VCDs increase with the increasing wind speed. In conclusion, when winds are from the south, the site was considerably affected by the transports of pollutants from the polluted urban area, including urban superimposed emission from the Beijing city center, Baoding, Shijiazhuang Tianjin, and Langfang. , and 8.65×10 15 molec cm -2 before, during, and after the APEC, respectively, A noticeable decreasing during the APEC by 37.95%, and 30.75% is found compared with before and after the APEC. The reduction could be attributed to the control measurements during the APEC. However the systematic difference of wind fields between the three episodes could also play a role considering the effects of transports of pollutants discussed in Sect. 3.1. The wind rose for wind speed at the three episodes is shown in Fig. 10 . The prevailing wind direction of the 10 three episodes is from northwest. The frequency of northwest winds in the APEC period is more than in the pre-APEC and post-APEC periods. And the wind speed in the APEC period is higher. Under the prevailing northwest wind, transports of pollutants from the polluted south area to the observed area are much fewer than those under the southerly winds. Therefore, the prevailing northwest wind fields may also contribute to the low HCHO during APEC.
Effects of transports of pollutants
Although two peak values (November 4, 2014 and November 7, 2014) were observed during APEC due to the transport, the 15 peak values of HCHO decreasing about 25.75% and 18.3% compared to the peak values in the pre-APEC and post-APEC periods. It implies that the control measures have a certain effect on reducing the concentration of HCHO. It is consistent with that the implementation of control measures during the APEC summit reduced the concentrations of NO 2 and aerosols (Liu et al., 2016; Zhang et al., 2017) . Both Chinese stringent control policy and prevailing northwest wind fields lead to the significant reduction of HCHO in Beijing during APEC.
20
Sources of HCHO
The hourly averaged HCHO VCDs on three episodes were analyzed to characterize the diurnal variation (Fig. 11) . The hourly averaged HCHO VCDs exhibited evident daily variation. High values appear at early afternoon and low values appear in the morning. Atmospheric photochemical reaction is related to the intensity of solar radiation. The atmospheric photochemistry reaction is generally active when the intensity of solar radiation is strong. Therefore, HCHO productivity of the secondary sources is high (Anderson et al., 1996) . The peaks of diurnal variation generally emerge at 14:00, which is likely related to the diurnal variations of photochemical reaction rates. Other small peaks appear in the evening for another period of busy traffic (16:00-18:00 LT), which might be caused by primary pollution sources, e.g. vehicle exhausts. Thus, the diurnal variation of HCHO was similar to the secondary sources patterns during all the three episodes. The absolute
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HCHO values during the APEC period are obviously lower than those in the pre-APEC and post-APEC periods. The averaged HCHO during evening rush hours after APEC was higher than that before APEC. This finding is an interesting phenomenon, which may be related to some measures taken before the APEC.
Determining the pollution sources is crucial to controlling air pollution. Three time intervals were used for analysis to determine the main HCHO sources. The first interval was defined as noontime from 11:00-14:00 with strong photochemical period 13:30 to 14:30 LT was averaged for comparisons with the CAMS data at 6:00 UTC (14:00 LT) ( Fig. 13a and 13c ).
The CAMS model results with different grids are shown in Fig. 13 and their Fig.13b and d , respectively. The temperature is an important parameter to impact the production rate of secondary HCHO.
When the temperature decreases, the generation yield of the secondary photochemical reaction to produce HCHO decreases, resulting in low concentration of HCHO. The temperature dramatically dropped after December 1, 2014, which could cause the low production rate of HCHO. The secondary sources of HCHO can be better simulated than the local primary sources in the model (Stavrakou et al., 2014; Anderson et al., 2015; Kwon et al., 2017) . In another word, the CAMS model could underestimate the local primary emission of HCHO, but the MAX-DOAS measurements can well obtain the HCHO both from the local primary emission and secondary generation. Thus, when the secondary source of HCHO is reduced, namely the primary HCHO is dominant, the difference between the MAX-DOAS observation and CAMS model is obvious. 
The scatter plots and linear regressions of daily R MAX-DOAS and R Model are given in Fig. 15 . Although large scatters are found, but most of the dots are around 1:1 line. Therefore the model can reasonably simulate the systematic diurnal variation of HCHO.
15
Clouds could impact the MAX-DOAS measurements. The effects could impact the comparisons between MAX-DOAS and CAMS model. In order to test the effect, we compare MAX-DOAS and CAMS model HCHO results under different effective cloud fractions (eCF) from the ECMWF ( Table S1 in the Supplement) ( Fig. S1 and S2 
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